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ABSTRACT
The magnetic properties of a Permalloy antidot array in square lattice geometry, with circular-rhomboidal hole shape and fabricated by
interference laser lithography and ion-beam sputtering have been reported. Magneto-optical Kerr effect magnetometry indicated that the
sample exhibits four-fold anisotropic behaviour, i.e. different magnetization loops were observed when the external magnetic field was applied
along either x- or y-axis, or along the array diagonal. Broadband ferromagnetic resonance measurements revealed a rich variety of different
magnetization configurations in the unsaturated state that can be controlled by the orientation of the external magnetic field. Micromagnetic
simulations have been performed to explain the observed results. On the contrary, in the saturated regime the system demonstrated almost
isotropic magnetic behaviour that improves with external field increase. The obtained results show the potential of interference lithography
for the fabrication of large area antidot arrays.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5080111
I. INTRODUCTION
With the development of lithographic techniques, preparation
and characterization of patterned magnetic nanostructures is now
one of the most active areas of research in magnetism. The ver-
satility of fabrication process allows the assembly of nanodevices,
such as non-volatile spin-torque magnetic random access memories
(STT-MRAM).1 Besides of industrial applications, patterned mag-
netic structures are very attractive as model systems to study fun-
damental physical properties of small magnetic elements. Patterned
nanostructures are mostly prepared by e-beam lithography (EBL)
technique that uses an electron beam to expose an electron-sensitive
resist. However, in case of large area patterning, laser interference
lithography (IL),2,3 when not as versatile as EBL, is much more cost
effective.
Ferromagnetic antidot arrays, thin films with array of holes,
are nanostructures with well-defined magnetization pinning cen-
ters or defects. It has been demonstrated that their magnetic prop-
erties depend on the structure geometry, such as the hole diame-
ter, inter-hole distance and film thickness. These parameters induce
periodic demagnetization field distributions that affect the magneti-
zation reversal process by controlling the nucleation and movement
of domain walls.4–7
Although antidot arrays were firstly suggested for magnetic
data storage,8–11 their potential applicability was more recently pro-
posed for magneto-optical based devices12–14 and 2D magnonic
crystals.15,16
In order to implement the antidot based devices into techno-
logical applications, a deeper understanding of their related dynamic
magnetic response is required. Up to now, the dynamical behavior
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of antidots has been investigated as a function of lattice symmetry,17
hole diameter,18,19 hole shape,20,21 inter-hole distance,22,23 film
thickness,24 lattice defects25 and orientation of an external mag-
netic applied field.17,23,26,27 Therefore, it was confirmed that the
rich variety of magnetization configurations in antidot arrays pro-
vides a feasible way to tune their spin-wave spectra. All these studies
were mainly performed on the samples prepared by either EBL or
deep ultraviolet lithography.
Here we describe the magnetic properties of a thin Permal-
loy (Py) antidot array fabricated by IL. On the contrary to well-
defined shapes, namely, square, circular, triangular, or diamond
shapes (studied in previous publications20,21), the shape of the
holes in our sample has a circular-rhomboidal appearance. Despite
the hole imperfection, still only one ferromagnetic resonance peak
was observed in the saturated state. Below the saturation, several
spin-wave modes were observed, similarly to the ones observed in
perfectly-defined lithographed antidot arrays.17–19,23,26,27
II. EXPERIMENTAL METHOD
Py antidot arrays have been prepared over few cm2 Si substrates
with native oxide using IL, ion beam sputtering deposition (IBS) and
liftoff techniques. Templates, with controlled feature sizes and peri-
odicities, were obtained by IL. The antireflective coating WIDE–8B
(≈80-nm-thick) and a negative resist tone TSMR-IN027 (≈200-nm-
thick) were spin-coated onto (100) Si substrates and exposed using
a Lloyd’s mirror interferometer with a He:Cd laser (λ = 325 nm) as
the light source. After a double exposure, the resist was post-baked
at 110○C and developed in AZ726 MIF. Then, 5-nm Ti seed layer,
10-nm-thick Py film, and a 3-nm Ti capping layer were deposited
sequentially by IBS at room temperature and with the base pres-
sure below 1×10−8 Torr.28 Finally, ferromagnetic antidot arrays
were achieved after a liftoff process by immersing the sample in
1-methyl-2pyrrolidinone (NMP) at 120 ○C.
While the pattern morphology was analyzed by scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM), the
static magnetic properties were studied using magneto-optical Kerr
effect magnetometer (MOKE). Broadband ferromagnetic resonance
(FMR) measurements were carried out at room temperature using a
coplanar waveguide (CPW) connected to a vector network analyzer
in the frequency range 0.05-20 GHz (see Ref. 29 for details). The
sample was rotated on top of the CPW and the dynamic response
was acquired for two different orientations between the antidot lat-
tice directions and the H field. In particular, Θ = 0○ (along the 1st
neighbors direction) and 45○ (along the 2nd neighbors direction)
were considered. The chosen coordinate system is schematically
illustrated in Figure 1(a).
Finally, and in order to identify the magnetization response
of the Py antidot array, 2-Dimensional micromagnetic simulations
using MuMax3 software (Version 3.9.1)30 were performed. Accord-
ing to our sample geometrical and magnetic properties, the 10-nm-
thick Py antidot array was simulated using 2D periodic bound-
ary conditions (PBC) with an exchange coupling constant Aexch
= 13×10-7 erg/cm and saturation magnetization of Msat = 810
emu/cm3. SEM micrographs were used in order to resemble the
real shape of the antidots in the simulations. Assuming that the
magnetization is thickness homogeneous, cell size was chosen to be
(5×5×10) nm3, which was smaller than Py characteristic exchange
FIG. 1. SEM images (a and b) and hysteresis loops (c) of 10-nm-thick Py antidot
array when the external magnetic field was applied along the x-axis (Θ = 0○),
y-axis (Θ = 90○) and at 45○ (Θ = 45○).
length31 (≈6 nm). Simulations were performed in a two-step man-
ner: first, hysteresis loops were calculated with the external DC field
applied along the two directions experimentally measured (1st and
2nd neighbor directions) with a phenomenological damping of 0.5
to ensure rapid convergence. After this, each of the calculated con-
figurations was excited to extract the dynamic behavior. The exci-
tation used is a modified step function with exponential decay to
get a broad frequency range excitation HAC(t) = h(t − t0)Ae−α(t−t0).
The function h is the step function which is activated after a certain
delay time t0, A is the pulse amplitude and α is the decay exponen-
tial parameter. The excitation pulse was applied in the system plane
and perpendicular to the DC field as it was done in the experimental
setup. The phenomenological damping for the dynamic simulations
was set to 0.01.
III. RESULTS AND DISCUSSION
A. Static analysis
The 10-nm-thick antidot array, with square lattice symmetry,
has a periodicity of 2050 nm and hole diameter of 1380 and 1200 nm,
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along the x- and y-axis respectively (Figures 1 a and b). Due to
the square lattice geometry, the hysteresis loops shows a four-fold
anisotropic behavior with similar hysteresis loops when the exter-
nal magnetic field was applied along the x- (Θ = 0○) and y-axis
(Θ = 90○), and an easy magnetization axis at Θ = 45○ (Figure 1 c).
Figure 2 shows the simulated hysteresis loops in combination
with snapshots of the magnetization states at different points on the
hysteresis curve with the external magnetic field applied along the
x-axis, or Θ = 0○, (Figure 2 (a)) and at Θ = 45○ (Figure 2 (b)). The
simulated hysteresis loops, like the experimental ones (Figure 1 c),
also are different when the external magnetic field is applied along
either x- (Θ = 0○) or y-axis (Θ = 90○), and with an easy magneti-
zation axis at Θ = 45○. While the antidot array is well saturated for
large applied magnetic fields, different magnetization configurations
can be achieved due to the presence of the antidots in the unsat-
urated states. As soon as the external magnetic field was reduced,
holes act as well-defined magnetization pinning centers affecting the
FIG. 2. Simulated hysteresis loops of 10-nm-thick Py antidot array and snapshots
of the magnetization when the external magnetic field was applied along the (a) x-
axis (Θ = 0○) and (b) at Θ = 45○. The images of the magnetization was recording
with different external applied fields (a) A = 25 Oe, B = 0 Oe and C = -30 Oe, and
(b) A = 25 Oe, B = 0 Oe and C = -50 Oe.
nucleation and movement of domain walls. At remanence, the mag-
netization snapshot for Θ = 0○ shows two main magnetic domains
with magnetization pointed along the x-axis and at 45○. Moreover,
an extra magnetic domain, pointed along the y-axis, shows up just
before the magnetization switching (H = -30 Oe). On the other
hand, the magnetization snapshots for Θ = 45○ already show these 3
kinds of domains under an applied field of 25 and 0 Oe. Before the
magnetization switching (H = -50 Oe), a more complex magnetic
configuration is observed.
B. Dynamical behavior
1. Saturated regimen
In the general case, the ferromagnetic resonance frequency
of the sample depends significantly on the presence of differ-
ent anisotropies, particularly magneto-crystalline, surface and field-
induced one. However in case of relatively thick (i.e. above few
nanometers) polycrystalline soft ferromagnetic film, the contribu-
tion of all these anisotropies is negligible, and the FMR frequency is
determined by the object shape and can be described by the Kittel
equation:32
fres = γ2pi√(H − (Nx −Ny)Msat)(H − (Nx −Nz)Msat), (1)
where γ/2pi is the gyromagnetic factor, H is the applied magnetic
field, Msat is the saturation magnetization and Nx, Ny, and Nz are
the demagnetizing factors along different directions (with z being
oriented along the normal to film plane) and (Nx + Ny + Nz) = 4pi.
First, we characterized the 10-nm-thick reference Permalloy
film. In the case of a thin film Nx=Ny=0, Nz=4pi, and we were able to
fit the experimental fres(H) dependence of the FMR resonance peak
with γ/2pi = 2.96 MHz/Oe and Msat = 810 emu/cm3, which are stan-
dard parameters for Permalloy.33 No evidence of in-plane uniaxial
anisotropy was found by applying external magnetic field along dif-
ferent directions of the film. The results of this fit were shown in
Figure 3 by a blue line.
Although it is impossible to obtain analytical formulas for the
demagnetizing factors of an antidot array, particularly with holes
of imperfect shape, we could assume that Nx is still equal to Ny.
Therefore, Equation (1) can be written as
fres = γ2pi√H(H − (Nx −Nz)Msat) (2)
Only one sharp FMR peak was observed in the saturated antidot
array (Figure 3). Using the same values of gyromagnetic factor and
saturation magnetization as for the reference Py continuous film, we
obtained Nz − Nx = 8.6, that gives Nx = Ny = 1.32, Nz = 9.9. This
clearly indicates how the introduction of holes into the continuous
film (in this case the holes occupy approximately 20% of the sample
volume) modifies the demagnetizing factors. The FMR-VNA spectra
together with respective fits for two external magnetic field H orien-
tations: Θ = 0○ and Θ = 45○ are shown in Figure 3. Although fres(H)
experimental dependencies are looking almost identical, a deeper
analysis revealed some differences between them. Above some criti-
cal field Hcr = 2750 Oe, both spectra for Θ = 0○ and 45○ coincide.
Below Hcr the difference between two geometries appears, reach-
ing noticeable ≈ 20 Oe for H = 400 Oe. This four-fold anisotropy,
not expected in uniformly magnetized samples, is explained by the
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FIG. 3. VNA-FMR spectra of the 10-nm-thick Py antidot array with the exter-
nal magnetic field applied (a) along the x-axis (Θ = 0○) and (b) Θ = 45○. The
black lines correspond to the fits using the Kittel formula (Equation 2); the blue
lines correspond to the fit for a 10-nm-thick continuous Py film (spectra not
shown).
fact that below a critical field, the magnetization inside the antidot
array is non-uniform and the level of non-uniformity depends on
the direction of the external magnetic field (being lower forΘ = 45○).
This effect was previously observed in closely packed square Py dot
arrays.34
2. Unsaturated regimen
As in the unsaturated regime a rich variety of magnetiza-
tion configurations were observed (Figure 2), different dynamic
responses were also obtained at Θ = 0○ and 45○ (Figure 4). Up
to three resonance peaks, one main peak plus two extra soft ones,
were observed at low applied magnetic fields. This peak splitting at
low fields has been already described in the bibliography and it was
associated to different magnetization arrangements.17–19,23,26,27
As the FMR condition for a ferromagnetic antidot array
cannot be described by the Kittel equation any longer in the
FIG. 4. VNA-FMR spectra of the 10-nm-thick Py antidot array in the unsaturated
regime and when the external magnetic field was applied along the x-axis (a) and
at Θ = 45○ (b). While the black lines correspond to the main resonance peaks,
the white line and empty blue circles correspond to the second and third soft
modes.
unsaturated regime, the micromagnetic simulations have been used
to unravel the multi-peaks dynamical spectra. Figure 5 shows the
simulated spectra of the 10-nm-thick Py antidot array in the unsatu-
rated regime as well as snapshots of the magnetization states with an
applied magnetic field of H = 25 Oe.
In order to get a better agreement with the experimental data,
we simulated the magnetic field distribution of the Py antidot FMR
spectra (Figure 5 a) applying the external magnetic field with a devi-
ation of 5○ from the x-axis (Θ = 5○). As it was observed in the
experiment, the main resonance peak is accompanied by few extra
soft peaks. The simulated magnetization state image at H = 25 Oe
shows two main regions (A and B). While in region A, the mag-
netization is parallel to the external applied magnetic field along
the x-axis, the magnetic moments are aligned at ≈ 45○ in region
B. As the performed dynamic micromagnetic simulations provide
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FIG. 5. Experimental resonance peaks (extracted from Figure 4) and simulated
VNA-FMR spectra of the 10-nm-thick Py antidot array in the unsaturated regime
and when the external magnetic field was applied at Θ = 5○ (a) and Θ = 45○
(b). Moreover, the simulated magnetization states at 25 Oe were shown when the
external magnetic field was applied at Θ = 0○ (a) and Θ = 45○ (b).
information related with the average magnetization oscillation
amplitude as a function of the frequency and external applied mag-
netic field, we do not have spatial resolution for the identification of
the modes. However, a qualitative analysis can be performed in term
of signal contribution. Therefore, the main resonance mode is asso-
ciated with the larger region A, instead of the soft resonance modes
that is linked to region B.
On the other hand, the Py antidot FMR spectra with the exter-
nal magnetic field applied at Θ = 45○ (Figure 5 b) also show a
main resonance peak accompanied by few extra soft peaks. The
simulated magnetization state at 25 Oe shows three main regions
(A, B and C). While in region A, the magnetization is parallel to the
external applied magnetic field (Θ = 45○), the magnetic moments
are aligned at ≈ 0○ and 90○ in region B and C, respectively. Again,
the main resonance mode is associated with the larger region A,
instead of the two soft resonance modes that are linked to regions B
and C.
IV. SUMMARY
The evolution of the static and dynamic magnetic properties of
a thin Py square antidot lattice with circular-rhomboidal hole shape
has been investigated both theoretically and experimentally. The sys-
tem demonstrates an isotropic magnetic behaviour in the saturated
regime. Instead, and in agreement with bibliography,17–19,23,26,27
several spin-wave modes were observed in the unsaturated state.
Therefore, the obtained results show the potential of IL for the fab-
rication of large area antidot arrays that can be particularly used as
gigahertz-range spin wave filters.
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